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Zn2SiO4 纳米线和 Zn2SiO4-Zn 异质结构纳米同轴线的制备，及其发光性质研究。 
在 ZnO/Au 异质结构材料的研究中，首先采用了基于密度泛函理论的从头计
算方法，参照层晶模型的构建方法，设计了 Au（111）及其上面的 ZnO 形成的
ZnO/Au 异质结构模型。通过模拟计算 ZnO 不同结构的体系总能，优化并确定了
ZnO 薄膜的结构性质。接着我们在 Si 衬底上溅射沉积了两种厚度的 Au 薄膜，
后用气相沉积方法在不同温度下沉积了 ZnO 薄膜。研究发现 Au 形成纳米晶粒后
生长的 ZnO 薄膜表面呈六角对称小丘状，薄膜沿 c 轴生长，晶粒尺寸较大，晶
粒间接合较好，晶体质量较好；通过 Raman、CL、CBED 等表征手段表明，用
纳米 Au 晶粒引导异质生长 ZnO 薄膜，不仅能够充当生长晶核，还能够控制 ZnO
薄膜为 Zn 极性、降低 Si 衬底与外延层间的失配应力、提高带边紫外发光效率。
此外结合理论模型，进一步探讨 Au 纳米颗粒上 ZnO 薄膜的生长机制；提出在晶
核形成时处于富 Zn 状态，随着晶核慢慢向边上生长，Zn 和 O 的比例越来越接
近理想化学剂量配比，ZnO 的质量也更好，岛状的 ZnO 慢慢接合在一起，形成
质量较好的无晶界的薄膜结构。 




测量了不同温度下样品的阴极荧光谱，在 300 nm 左右、560 nm 和 865 nm 左右
分别出现了强度依次减弱的峰。各峰的半高宽都随温度增长而增大。通过对比
Zn2SiO4 纳米线的发光特性表明，回音壁模式为光在 Zn2SiO4 纳米线内传播的主















也是纳米结构中经常观察到的一种模式。而波长约为 300 nm 的谱峰可归结于沿
金属锌中芯表面传播的消逝波，这是 Zn2SiO4-Zn 异质结构纳米同轴线所特有的。
我们还提出用波导模式来解释波长约为 865 nm 的谱峰，该模式为光在 Zn 内芯
与 Zn2SiO4 外壳外壁间的多次反射，并满足加强条件形成了共振。由于这种特殊
的金属－半导体同轴结构，消逝波限制了光在 Zn 中芯表面的传播，大大降低有



















One of the promising avenues in the current semiconductor science and 
technology research is the development of the novel semiconductor heterogeneous 
functional materials. It is extremely important to explore materials and devices with 
new properties and functions. This thesis aims to grope for new structure, open out 
new phenomena and provide a thorough insight into their physical mechanisms. Two 
aspects have been emphasized; one is the material design and preparation of 
ZnO/Au/Si heterogeneous epitaxial film, and besides, having further considerations of 
the stress, optical properties and the polarity control; the other one is the preparation 
of the Zn2SiO4 nanowires, the Zn2SiO4-Zn nanocable heterostructures and the 
investigation of their fascinating optical properties. 
First-principles computation based on the density functional theory were 
performed to investigate the initial growth of ZnO films on Au layer, the results of 
which provided an intrinsic geometric structure of the formation of the Zn-polar ZnO 
film. And then, the properties of ZnO grown under different conditions were 
characterized. The results proved that the Au nanocrystallites can play as the role of 
crystal nucleus, and that ZnO on Au layer displayed a film structure that had no grain 
boundary and showed a surface composed of hexagonal hillocks. Furthermore, X-ray 
diffraction, Raman, and cathodoluminescence data supported that the hexagonal 
hillock grains were well aligned in the c axis. We believed that Zn was rich on the top 
of the hillocks where the nuclei initiated. Zn and O reach the stoichiometric ratio 
when the nuclei grew gradually to the side. The islands of ZnO joined together, and 
then formed a ZnO film of good quality without grain boundary. With Au as the buffer 
layer, the misfit stress is minimized, the UV emission is improved, and Zn-polarity is 
controlled. All of these might affect the electrical conductivity of ZnO. 
Chemical vapor deposition was used to grow Zn2SiO4 nanowires and 
Zn2SiO4-Zn nanocable arrays. Morphological, chemical and crystallographic 














XRD. A stress-stimulated growth manner was proposed for the first time, which 
provides an unprecedented technique for the homogeneous crystallization of the 
Zn-Zn2SiO4 core-shell nanocables. The temperature dependence CL spectra exhibited 
three distinct peaks: one strong peak at middle-UV region (about 300 nm) and another 
two weak bands at visible (about 560 nm) and infrared (about 865 nm) regions. Three 
models were suggested to explain the origins. The emission at 300 nm was attributed 
to the evanescent wave along the Zn metal surface and the intensity was rapidly 
decreased perpendicular to the surface. The 560 nm emission can be interpreted by 
whispering gallery modes coming from the total internal reflections at only outer 
boundary. And the waveguide modes were used to illuminate the appearance of the 
865 nm emission, which was originated by the internal reflections of light at both 
inner and outer boundaries. Due to the unique semiconductor-metal contact in this 
kind of nanocable structure, the effective mode volume was greatly reduced. As a 
result, it is reasonable to believe that the two emission peaks in the UV region are 
resulted from Rabi splitting due to the strong coupling between the emitter and the 
nanocable cavity. The uniform Zn core certainly will bring about a unique kind of 
semiconductor-metal contact in each direction. These optical properties should 
generate exciting advances in the applications of the nanocable in optoelectronic 
devices. 
 
Key Words: ZnO-based semiconductor, semiconductor-metal heterostructure, 
















第一章 绪论 .......................................................................................... 1 





1.2 ZnO 基半导体异质结构材料的研究背景 .................................................11
1.2.1 ZnO 材料的基本特性 ........................................................................12 
1.2.2 ZnO 材料生长方法 ............................................................................13 
1.2.3 ZnO 材料的应用及发展前景 ............................................................14 
1.3 论文构架 .....................................................................................................15 
参考文献 ............................................................................................................17 
第二章 材料制备和表征方法 ...............................................................21 
2.1 衬底的选择 .................................................................................................21 
2.2 材料制备方法 .............................................................................................22 
2.2.1 材料的磁控溅射沉积........................................................................22 
2.2.2 材料的化学气相沉积........................................................................24 
2.3 材料表征方法 .............................................................................................25 





第三章 ZnO/Au 异质纳米结构材料的设计 .......................................37 
3.1 引言..............................................................................................................37 














3.2.1 密度泛函理论............................................... ....................................38 
3.2.2 赝势.................................................................. .................................42 
3.2.3 VASP 程序包 ......................................................................................43 
3.3 ZnO/Au 薄层的结构设计 ...........................................................................44 
3.4 小结..............................................................................................................46
参考文献 ............................................................................................................48
第四章 ZnO/Au 异质纳米结构的制备和特性....................................51 
4.1 引言...............................................................................................................51 
4.2 Au 纳米薄膜的沉积......................................................................................52 
4.3 Au 纳米缓冲层上的 ZnO 生长....................................................................57
4.3.1 ZnO 薄膜的生长 .................................................................................57
4.3.2 异质纳米结构 ZnO 中的应力释放 ...................................................63 
4.3.3 异质 ZnO 薄膜极性的作用 ...............................................................67
4.4 小结...............................................................................................................68
参考文献 .............................................................................................................71
第五章 Zn2SiO4-Zn 纳米同轴异质结构的制备和特性 
          ...................................................................................................................74
      5.1 引言...............................................................................................................74 
      5.1.1 一维纳米结构生长过程.....................................................................74
      5.1.2 化学气相法制备一维纳米材料.........................................................75 
      5.1.3 异质结构一维纳米材料.....................................................................77 
      5.2 Zn2SiO4纳米线 .............................................................................................78 
      5.3 Zn2SiO4-Zn 纳米异质同轴线 ......................................................................83 
      5.3.1 表面形貌.............................................................................................83 
      5.3.2 结构.....................................................................................................84
      5.3.3 化学组成.............................................................................................85 
      5.3.4 生长机制.............................................................................................88 
      5.3.5 纳米异质同轴线的发光特性.............................................................90 
      5.4 小结...............................................................................................................91 














第六章 纳米同轴异质结构中光放大的研究 ......................................96 
6.1 引言..............................................................................................................96 
6.2 纳米同轴异质结构中的光传播模式 .........................................................97 
6.2.1 Zn 金属芯中的等离子体激元传播 ...................................................97 
6.2.2 Zn2SiO4 壳层中的光学回音壁模式和波导模式...............................99 
6.3 Zn2SiO4-Zn 纳米同轴线内发射器－谐振腔耦合 ....................................102 
6.3.1 同轴线中的自发辐射现象...............................................................102 
6.3.2 同轴线中的 Rabi 分裂 .....................................................................104
6.4 小结.............................................................................................................108 
参考文献 ...........................................................................................................110
第七章 总结与展望 .............................................................................113 
附录 博士期间发表的论文 .................................................................115 

















Chapter 1 Introduction ..........................................................................1 
1.1 Progress in nanomaterial research...............................................................1  
1.1.1 Basic concepts and properties of nanomaterials ...................................1 
1.1.2 Characteristics and applications of nanomaterials.................................3 
1.1.3 Syntheses of nanomaterials...................................................................6
1.1.4 Hetero-nanostructures ...........................................................................9 
1.2 Research background of ZnO-based semiconductor heterostructures...11
1.2.1 Fundamental properties........................................................................12 
1.2.2 Growths................................................................................................13 
1.2.3 Applications and prospect ....................................................................14 
1.3 Thesis structure............................................................................................15  
References...........................................................................................................17 
Chapter 2 Techniques for material growth and characterization.....21
2.1 Selection of the substrate.............................................................................21 
2.2 Growth techniques .......................................................................................22 
2.2.1 Magnetron sputtering deposition .........................................................22  
2.2.2 Vapor deposition ..................................................................................24  
2.3 Characterization techniques .......................................................................25
2.3.1 X-ray diffraction ..................................................................................25  
2.3.2 Scanning electron microscopy .............................................................27 
2.3.3 Transmission electron microscopy.......................................................30  
2.3.4 Raman scattering spectroscopy............................................................33 
References ...........................................................................................................35 















3.2 Computation methods .................................................................................38  
3.2.1 Density functional theory.....................................................................38  
3.2.2 Pseudopotential methods .....................................................................42 
3.2.3 VASP....................................................................................................43 
3.3 Design of ZnO/Au heterostructures ...........................................................44 
3.4 Conclusion ....................................................................................................46 
References ...........................................................................................................48 
Chapter 4 Growth and characterization of ZnO/Au heterostructures 
.............................................................................................51 
4.1 Introduction..................................................................................................51 
4.2 Deposition of Au nano-films........................................................................52 
4.3 ZnO on Au nano-buffer layers....................................................................57 
4.3.1 Growth of ZnO films ...........................................................................57 
4.3.2 Stress release in ZnO hetero-nanostructures........................................63 
4.3.3 Polarity of ZnO hetero-nanostructures.................................................67 
4.4 Conclusion ....................................................................................................68 
References ...........................................................................................................71 
Chapter 5 Growth and characterization of Zn2SiO4-Zn nanocable 
heterostructures.................................................................74 
5.1 Introduction..................................................................................................74  
5.1.1 Growth mechanism of one-dimensional nanomaterials.......................74
              5.1.2 Synthesis of one-dimensional nanomaterials.......................................75
              5.1.3 One-dimensional heterostructures .......................................................77 
              5.2 Zn2SiO4 nanowires .......................................................................................78 
              5.3 Zn2SiO4-Zn nanocable heterostructures ....................................................83 
              5.3.1 Morphology..........................................................................................83  














5.3.3 Chemical composition ..........................................................................85 
5.3.4 Growth mechanism ...............................................................................88 
5.3.5 Optical properties in nanocable heterostructures..................................90 
5.4 Conclusion .....................................................................................................91 
References ............................................................................................................93  
Chapter 6 Optical amplification in nanocable heterostructures........96 
6.1 Introduction...................................................................................................96  
6.2 Light propagation modes in nanocable heterostructures..........................97  
6.2.1 Evanescent wave propagation around Zn core surface.........................97
              6.2.2 Whispering gallery modes and waveguide modes in Zn2SiO4 shell....99         
              6.3 Emitter-cavity coupling in Zn2SiO4-Zn nanocables..................................102  
             6.3.1 Spontaneous emission in nanocables ....................................................102 
             6.3.2 Rabi splitting in nanocables ..................................................................104 
             6.4 Conclusion .....................................................................................................108 
             References ............................................................................................................110
               Chapter 7 Summary and prospect ......................................................113
            Appendix   List of Publications.............................................................115



















纳米科学技术是 20 世纪 80 年代末期刚刚诞生并正在崛起的新科技，它的基
本涵义是在纳米尺寸（10-7～10-9 m）范围内认识和改造自然，通过直接操作和
安排原子、分子创制新的物质。早在 1959 年，美国著名物理学家、1965 年诺贝








20 世纪 70 年代微米技术在信息革命中起的关键作用一样，给人类带来一场前所
未有的新的工业革命，以迎接信息、生命、材料的新时代[1]。 
“纳米”是一个长度的单位，1 













































































5、库仑阻塞与量子隧穿  库仑阻塞效应是 20 世纪 80 年代介观领域所发现
的极其重要的物理现象之一。当体系的尺寸进入到纳米级，体系的电荷是“量子
化”的，即充电和放电过程是不连续的，充入一个电子所需的能量 Ec为 e2/2C，
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